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This paper will amplify the description of the prolytic loss of K  from human 
erythrocytes (Ponder,  1947 a) by adding a  description of the behavior of the 
cells  with  respect  to  Na,  the  other  important  cation  of  the  system.  The 
movement of Na has not received much attention in the systems in which a 
prolytic loss of K  has been shown to occur (lysis of rabbit red ceils by saponin 
and several other lysins, Davson and Danielli,  1938;  lysis of rabbit red  cells 
by rose bengal, Davson and Ponder,  1940; and lysis of the red cells of several 
mammals by hypotonic saline, Davson, 1937).  The loss of K  from rabbit red 
cells into hypotonic NaC1 has been described as being virtually unaccompanied 
by a movement of Na in the opposite direction (Davson, 1937), but it willappear 
below that a  relatively large amount of Na enters human red cells when the 
prolytic loss of K  is brought about by lysins such as sodium taurocholate and by 
sphering agents such as distearyl lecithin. 
EXPERIMENTAL 
The technical details of the measurement of the prolytic loss of K  have al- 
ready been described (Ponder,  1947 a), and the procedures can easily be modi- 
fied to include the measurement of the Na content of the cells. 
Two ml. of heparinized human blood,  the volume concentration Of which is first 
adjusted to 0.4 by removing plasma or by adding 172 m.eq./liter NaC1, are added to 
each of three stout walled tubes.  The blood should preferably be freshly drawn, but 
it can be used after standing for as long as 12 hours at 4°C.; under these conditions, 
however, the initial K content of the cells is smaller, and the initial Na content of the 
cells larger, than in the case of freshly drawn blood.  The cells are washed twice with 
about 10 ml. of 172 m.eq./liter NaC1, and the supematant fluids are removed as com- 
pletely as possible without disturbing the cells.  The cells in one of the tubes are then 
packed for 30 minutes at 4000 to 6000 R.~.M.; the supematant fluid is removed first 
with a capillary pipette and then with blotting paper, and after spinning the tube again 
for a short time, 0.5 ml. of the packed cells is transferred with water to a 50 ml. flask. 
The method of transfer and the precautions to be observed are the same as those used 
in the method of determining red cell density (Ponder, 1942).  The contents of the 
flasks are allowed to stand for some hours, and are then filtered through paper.  The 
K  and the Na in the ceils (Ko and Na0) are  determined with the  flame photometer. 
To one of the other tubes 10 ml. of 172 m.eq./liter NaC1 are added, and to the other 
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10 ml. of lysin or sphering agent dissolved in 172 m.eq./liter NaCI.  These tubes are 
allowed to stand, with occasional inversion, at a  constant temperature,for a  known 
time.  At the end of this time the cells are thrown down gently, and the supematant 
fluids are removed.  Their K  contents are determined; the K loss into the 172 m.eq./ 
liter NaC1 is K,, and the loss into the medium containing lysin or sphering agent is Kp. 
The cells of both tubes are then packed at 4000 to 6000 R.P.M. for 30 minutes, 0.5 ml. 
transferred to 50 ml. flasks with water, and the Na contents determined with the flame 
photometer; this gives Na, and Nap. 
Measurements of volume changes are made by determining the Hb concentrations 
of the hemolyzed packed cells in the 50 ml. flasks,.as  already described (Macleod and 
Ponder,  1933). 
Not every experiment on the K-Na exchange in prolytic systems is a success.  The 
difficulties lie in the packing of the cells and in their transfer, in the finding of the quan- 
tities of lysin which give substantial ion exchange but not lysis, and also in the oper- 
ation of the flame photometer so as to detect small differences  in K  and Na concen- 
trations reliably.  The use of calibration curves is not entirely satisfactory; it is better 
to compare each unknown with a standard of nearly the same concentration, as in a 
substitution method in which the photometer is used as a null indicator.~ 
It should be emphasized that the ion exchanges described in this paper are those 
occurring in systems containing concentrations of lysin (sodium taurocholate) less than 
that required to give even just commencing lysis. 
The results of experiments in which sodium taurocholate at  pH 6.5  and  di- 
stearyl lecithin were used to produce the prolytic loss of K  at  25°C. are sum- 
marized in Table  I.  Three points emerge from these experiments.  (1)  The 
prolytic loss K~ is accompanied by a gain of Nap by the cell, the gain exceeding 
the loss (Na~ varies from 1.8 Kp to 2.6 Kp). ~  (2) There is a small increase in 
cell  volume.  (3) The kinetics of the K  loss and of the Na gain are similar  to 
those  already  described  (Ponder,  1947 a);  the K  loss  depends  on  the  nature 
and concentration of the  lysin or sphering agent,  is  rapid  at first,  and  slows 
1Some sources of error are very diffcult to avoid in these experiments.  One is that 
the white cells of the blood may break down and so may contribute K  to the super- 
natant  fluid.  If the white  cell  count is less  than  10,000  per ram.  a,  the maximum 
amount of K which could be contributed in this way is about 0.5 per cent of the total 
K obtainable from the red cells.  A second source of error is that hemolysis, or at least 
a prolytic state, may result from the multiplication of bacteria in the systems,  This 
can be prevented by using a sterile technique.  A number of experiments carried out 
in this way have shown that the precaution is not necessary when the systems stand 
for less than 5 hours at 25°C. or lower temperatures.  In prolonged experiments, even 
when carried out aseptically, O~ consumption and CO, production by the red cells in- 
troduce  changes which may have an effect  on  the  K-Na  exchange.  What  these 
effects are and how they are brought about has still to be investigated. 
Harris (1941) has called attention to the fact that the Na gained and the K  lost, 
or dee versa, are not always or even usually equivalent in the systems which he has 
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down so that after  12  to  20  hours one can suppose  that  a  new  steady  state 
is being approached. 
Table II gives a  summary of the ion exchange occurring when the cells are 
allowed to stand in isotonic NaC1, without the addition of a  lytic or sphering 
TABLE I 
K-Na F~ckanges in Systems Containing Sodium Taurocholate and Distearyl Lecithin 
c, mg./O.8  ml.  cells ........... 
l,  krs ........................  _ 
io  ................... 
Nao .................. 
Ko ................... 
Na, .................. 
ip  ................... 
Nap  .................. 
V  .................... 
1i6 
~3.2 
24.4 
3.3 
4.7 
6.5 
14.0 
)5 
Sodium  taumcholate* 
24.6 
4.0 
7.0 
7.7 
17.0 
106 
si2 
s]2 
04.2  [  104.2 
21.0  I  21.0 
0.9  [  0.9 
1.5  [  1.5 
9.0  [  14.3 
18.6  I  25.5 
04  I  105 
Distesryl  lecithin 
]iS 
1~5  __ 
[4.1  [  112.2 
.~6.3  I  24.1 
4.O  ]  4.7 
4.0  [  5.7 
7.8  I  11.2 
).0.0  ]  20.6 
)6  ]  107 
V 
107.9 
21.2 
3.9 
4.1 
16.5 
30.6 
108 
All values of K and Na are in m.eq./liter. 
K0 and Nao  ----  initial K and Na content of cells. 
K, and Na° -- K lost into, and Na gained from, supernatant fluid (172 m.eq./liter NaC1). 
Kp and Na~ =  K  lost into,  and Na gained from, supe'rnatant  fluid containing  lysin or 
lecithin. 
* co,  m  for this system  =  2.1 rag. 
TABLE II 
K-Na  Exchanges between Red  Cells"  and  Isotonic  NaCl 
t,  hrs ..........................  2  3  5  12 
Ko ....................  79.3  93.1  103.0  100.2 
Nao ....................  29.2  23.0  24.1  20.7 
K° ....................  0.9  1.5  4.0  6.5 
Na, ...................  1.4  2.4  6.0  9.5 
All values for K and Na are in  m.eq./liter. 
1(o and Nao =  initial K and Na content of cells. 
Ko and Na, =  K lost into, and Na gained from, supematant fluid  (172 m.eq./liter  NaCl). 
agent, for various lengths of time at 25°C.  Again there  is a  progressive loss 
of K  and gain of Na, the amounts gained and lost being more nearly equal and 
smaller than  the prolytic losses and gains shown as K~ and Na~  in Table  I. 
The volume changes, if any, are  too small to be measured  with certainty. 
The volume changes are  the most inconstant  observations in these experi- 
ments.  This may be due to a i  per cent difference in packing being reflected as 
an apparent 1 pencent difference incell volume.  It is possible that factors which 
tend  to reduce  the  completeness  of packing  may make  their  appearance  in 
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sort would tend towards making the volumes in systems which had stood for 
hours,  or in  systems containing lysins or sphering agents,  larger than they 
otherwise would be, and so the values observed for the h~creases  in volume 
must be regarded as maximum values.  The same remarks apply to the values 
for Na0,  which would be affected by incompleteness of packing,  and to the 
values of Nap,  which would be affected by differences in the incompleteness of 
packing.  Even the largest errors of this type which could have occurred and 
have remained undetected, however, would not alter the general nature of the 
experimental results obtained.  It will be noticed that the volume changes are 
usually just about su~cient to provide for the isotonic solution of the excess of 
Na gained over K  lost at the end of the exchange; sometimes,  however, they 
are a  little greater, and sometimes a  little  less. 
DISCUSSION 
The conclusions drawn from these experimental results will remain insecure 
until it has been decided whether the K-Na exchange involves all the K  of some 
of the cells, some of the K  of all of the cells, or a combination of these two ex- 
treme possibilities.  The one extreme possibility that all the K  is lost from a 
small group of cells, and that Na enters the cells of this group to take the place 
of the K, can be set aside b~ considering the volume changes which accompany 
the K-Na exchange.  In Experiment 1 of Table I  the K  loss is 7 per cent of 
1~, and the volume change accompanying it is 5 per cent; i.e., the mean  cell 
volume increases from 100  to  105  units  of volume.  It is an untenable as- 
sumption that the entire K loss is derived from 7 per cent of the cells and that 
the K-Na exchange and the volume increase involve this group of ceils only, 
because in order to give a mean volume increase of 5 per cent the small group 
supposedly affected would have to swell from 100 units of volume to 170 units 
of volume.  This exceeds the volume increase which  an intact red  cell can 
undergo.  There is, on the other hand, no way of excluding the possibility that 
some groups of the red cell population, e.g. cells with more water or with less 
Hb, participate in the K-Na exchange to a greater or lesser extent than do other 
groups.  The best that can be done in the meantime is to recogn~e that the 
K  and Na values are mean values for the population as a whole, and that we 
have very little  information about  the  distributions  of which  they are  the 
means. 
Although this uncertainty exists, all previous investigations on the ion ex- 
change between red cells and their environment have been interpreted on the 
basis of the exchange involving some of the K and iNa of all d  the cells.  If this 
is the case, several observations can be made about the results in Tables I and 
If. 
The prolytic changes which occur in human red cells at 25°C., consisting of a 
loss of K, a  gain of iNa, and a  small volume increase, seem to be essentially 
similar to, but greater than the  changes which  occur when human red ceils ~.~c  r~ND~.R  383 
are allowed to stand in isotonic NaC1.  In both cases the K  loss is rapid at 
first,  s and then becomes slower; after 12 to 20 hours it has slowed down so much 
that one can suppose that a new steady state is being approached.  The same 
type of ion exchange (loss of K, gain of Na, and a small volume change) occurs 
when human red cells are allowed to stand  in sterile  plasma  (Scudder  and 
Smith, 1940; Harris, 1941), and a similar ion exchange (loss of Na, gain of K) 
has been described by Davson (1940)  for the cat red cell, which contains an 
excess of Na over K, when immersed in isotonic KC1.  The behavior of the 
rabbit red cell is similar to that of the human erythrocyte in so far as the loss 
of K  is concerned (Ponder and Robinson, 1934 a; Davson, 1937; see also Dean, 
Noonan, Haege, and Fenn, 1941, on the passage of K  into and out of this type 
of cell).  4  The general feature of these observations seems to be that the cation 
content and cation composition of the mammalian red cell is variable, and can 
be altered by changing the properties of the medium in which it is suspended? 
s In plasma and in isotonic saline,  the loss of K does not begin to occur as quickly 
as it does in hypotonic saline or in systems containing a lysin.  The result is that the 
system passes from its initial steady state to its final steady state along a  sigmoid 
rather than along an exponential path. 
*  A reduction in the tonlcity of the medium surrounding red cells can probably be 
regarded as one way of producing prolytic changes, for the red cells of man, the horse~ 
the ox, the pig, the guinea pig, and the rabbit all lose K  into hypotonic saline to 
various extents (I)avson, 1937, observations after 1 hour at 5°C. and at 37°C.).  There 
has been considerable  discussion about the K loss from the rabbit red cell, which Pon- 
der  and  Robinson  (1934a,b)  once  thought  to  be  sufficient  to  account  for  the 
unexpectedly small swelling of these cells in hypotonlc media.  The losses turned out 
to be too small to account for the smallness of the volume changes when the calcu- 
lations are made on the basis of a simplified osmotic lheory; they are real nevertheless, 
and confirmatory evidence of their existence  will be found in Davson's papers. 
5  This has been known at least since the time of the investigations of Ashby (1924) 
and of Kerr (1929).  The advantage gained by dividing  mammalian red cells into 
eation-impermeable and cation-permeable types by introducing the subsidiary ideas 
of "normal" and "abnormal" permeabilities is a dubious one, and distinctions such as 
these are apt to conceal  the real difficulties associated with the problem of ion dis- 
tribution.  Conditions exist, of course, in which the red cell can be said to have been 
rendered "abnormal", e.g. after the addition of a lysin, but a K loss ought not to be 
taken as an indication of abnormality unless it is to be admitted that almost every 
operation which can be performed on a red cell, including  storage for a few hours at 
37°C. in sterile plasma under controlled  gas tensions,  renders it abnormal.  Without 
committing one's self to any particular hypothesis as to how they are maintained, one 
can conceive of a number of steady states, each characterized by its own level of K, 
Na, etc., in which the red cell can eXist or which  it can approach reversibly; these 
might be called "normal" states, and the initial steady state in plasma would, of course, 
be one of them.  There may be other states which can be reached only irreversibly, 
as when a lysin is added to the system; these might properly be called  "abnormal" 
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It is impossible to retain  the idea that mammalian red cells in general are 
impermeable  to  cations,  e  If  the  ion  exchange  involves  all  the  cells  of  the 
system and not a  small group of them only, the facts seem to be that the cells 
are in a  steady state with respect to the medium surrounding them, this state 
being characterized by certain values for cell K, cell Na, cell volume, etc.  If 
the system is changed, as by changing the nature of the external medium, a new 
steady state, characterized by new values for cell K, cell Na, etc., seems to be 
approached in an approximately exponential manner.  The question is: What 
determines  the steady states,  and by means  of what  processes  does  the  cell 
pass from one steady state to another?  There are three principal possibilities. 
6 Davson (1936)  has pointed out that if the distribution of ions between the red 
cell and its environment depends on the permeability properties of a  surface mem- 
brane which is permeable to water, and if the Hb in the red cell interior is in solution, 
permeability to both K  and Na would set up an unstable  state,  characterized by 
swelling and eventual hemolysis, because of the Donnan osmotic pressure difference. 
When exposed to conditions which bring about prolytic changes, the human red cell 
is permeable, from Davson's point of view, to both K and Na, and yet the ion exchange 
does  not result in  the predicted  unstable  state.  Kerr  0929)  has  even  described 
diffusion of K and Na into the sheep red cell from an isotonic KC1-NaCI mixture until 
the concentrations of K and of Na in the cells equal those in the surrounding medium; 
neither volume change nor lysis occurred, although the osmolar concentration of K  + 
Na in the cells was 40 per cent greater at the end of the experiment than at the begin- 
ning.  The model upon which Davson's reasoning is based clearly does not represent 
the real situation.  One way in which it does not do so is that it takes no account of a 
surface  or internal  ultrastmcture which has elasticity, and the stretching of which 
would balance the pressure developed in the attainment of an equilibrium.  Because 
of the forces of protein interaction, this pressure is probably much smaller than that 
which would be calculated on the basis of the molar concentration of Hb present. 
The model may not represent  the real situation  in other ways as Well. 
It has been suggested (Davson and Ponder, 1938, 1940) that lysis occurs as a result 
of a  "dual mechanism," (a) injury to the red cell ultrastructure with a resulting per- 
meability to cations, and  (b)  a  secondary Donnan swelling,  a  stretching of the ul- 
trastructure, and eventual hemolysis.  A volume increase has been observed in some 
hemolytic systems  other  than  hypotonic systems  (Bernheimer,  1947,  and cf.  the 
photographic observations  of Ponder,  1923,  which  are  not  reliable  for  technical 
reasons), but instead of coinciding with the whole period during which the K-Na ex- 
change takes place, it seems to occur only shortly before the cell loses its Hb.  It 
may correspond to the breakdown of the architecture which offers a  resistance to 
the  predicted Donnan swelling,  or to some other terminal event.  Observations of 
fading time  constitute very poor evidence for or against the "dual mechanism" hy- 
pothesis, for so little is known about the state'of Hb in the red  cell,  about  its  dif- 
fusion coefficient, and about their variations, that calculations of the number of holes 
in the membrane through which the Hb diffuses (Fricke, 1934) are quite unwarranted. E~c Pom~R  385 
1.  The classical view that the difference between the ionic composition of 
the red cell and that of its environment is due to the permeability properties 
of a  surface membrane  is  unsatisfactory because it  is insufficiently specific 
in two important respects.  The first of these is that the membrane has to be 
supposed to be initially impermeable to K  and Na,  to become permeable to 
both ions during the passage from the first steady state to the second, and then 
to become impermeable again as the second steady state is approached.  Day- 
son (1940) has attributed these permeability changes to changes in the molec- 
ular  orientation in the membrane;  7 these may be direct effects of the compo- 
sition  of the  environment,  or indirect effects involving metabolic processes 
which maintain the special orientation.  This explanation may be essentially 
correct, but it only shifts the issue from one unknown to another.  The second 
defect of the classical treatment of the ionic differences as dependent on the 
permeability of a membrane is that it  ignores, for the most part, the fact that 
the properties of the material inside the membrane are largely unknown, and 
that  it substitutes  for the real situation an imaginary situation in which a 
membrane separates two phases to each of which the simplest thermodynamic 
principles are  supposed  to apply.  Until  the  activities on the  inside  of the 
membrane are known, it  is impossible to develop an acceptable hypothesis 
about ion exchange across it, and the situation is not helped by the fact that 
the  contribution which experimental observations on ion exchange make to 
the present membrane permeability hypothesis is, as Davson puts it, mainly 
a  negative one. 
2.  A second possibility is that the ions are never in thermodynamic equilib- 
rium,  but  that  they are involved in some active transfer mechanism;  e.g., 
one which would move the Na ions outwards from the center of the cell until 
a balance is reached between the rate of outward transfer and the rate of in- 
ward diffusion.  Such an active transfer mechanism would presumably depend 
on metabolic processes.  The importance of this aspect  of the problem has 
already been emphasized  by Wilbrandt  (1937),  by Dean  (1940),  by Harris 
(1941), and, in the case of the cat red cell at least, by Davson (1940) and by 
Davson and Danietli (1943). 8  On the hypothesis that an active ion transfer 
mechanism is involved, the change from the  initial steady state to the final 
7 Davson's suggestion that the loss of K is associated with the changes in molecular 
orientation which  occur in the surface  ultrastructure during the disk-sphere  trans- 
formation is certainly not a correct one (Ponder, 1947 a). 
s The situation observed by Steinbach (1944) in frog sartorius muscles immersed in 
hypotonic media is very similar to the one under discussion.  Data  on the cation 
content of the muscles point to the osmotic behavior as being a reflection of forces 
relating to the inn-accumulating  mechanism  and not to the existence of a  discrete 
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steady state would be brought about by a change in the rate of transfer, pre- 
sumably as a result of an alteration in the rate of metabolism.  9 
3.  A third possibility is that the systematic electrostatic field related to an 
orderly internal structure may have specific effects on the activity coeflidents 
of the various ions in the red cell interior, and that these ions adjust themselves 
with respect to concentration so as to equalize the free energies in the cell in- 
terior and in the external medium respectively.  In view of the small distances 
between the  strongly polar  surfaces  of hemoglobin molecules, it  would  be 
surprising if the water in the red cell interior were to behave as a  thermody- 
namically normal solvent (Ponder, 1947 b), and specific effects on the activities 
of the various ions in the interior might arise from the same muse. 
The evidence bearing on the various aspects of the problem can be arranged 
so as to form the basis of several hypotheses as to the difference in ion dis- 
tribution between the red cell and its environment, and as to how lysins and 
other substances affect the distribution.  According to the arrangement, one 
mechanism will appear to be the primary one, and the others subsidiary; thus 
an active ion transfer dependent on red ceU metabolism can be thought of as 
the primary mechanism, but when a  detailed description of it is formulated 
the effects of a diffusion barrier at the red cell surface and of the special con- 
ditions in the red cell interior will have to be included.  The existing experi- 
mental evidence is so meager that it is useless to attempt any such formulation 
now, but the situation to be considered is not likely to be less complex than 
this. 
I  wish to thank Dr.  Vincent Dole and Dr. Theodore Shedlovsky for their 
many helpful suggestions, and Dr.  Shedlowsky for reading the manuscript. 
SUMM~LRY 
In systems containing human red cells and sodium taurocholate as a lysin, or 
distearyl lecithin as a  sphering agent, the prolytic loss  of K  at 25°C.  is ac- 
companied by a gain of Na by the ceU, the gain being somewhat greater than 
the  K  loss.  A  small volume increase  accompanies the  exchange.  The ki- 
netics of the K  loss and the Na gain are  similar to those already described; 
i.e., the changes are rapid at first, and slow down so that after 12 to 20 hours it 
appears that a new steady state is being approached. 
Similar, but smaller, losses of K  and gains of Na occur when the ceUs stand 
in isotonic NaC1 at 25°C.  without the addition of a  lysin or sphering agent. 
On these and other experimental grounds, it is impossible to retain the idea 
that the mammalian red cell in general is impermeable to cations.  The cells 
0 Special solutions which wiU probably prove useful when the kinetics of this process 
is considered have already been obtained in connection with an altogether different 
problem (Ponder, 1944). x_.Rxc PO~'DZR  387 
nevertheless seem to be in a  steady state with respect to their environment, 
their  ionic  composition changing  as  the  composition of the environment  is 
changed.  The possible processes by means of which one steady state can be 
exchanged for another--changes  in the permeability of a  surface membrane, 
changes in the velocity of an active ion transfer process dependent on red cell 
metabolism, and changes in the activity of the ions in the red ceU interior as 
a result of changes in an orderly internal structure--are discussed. 
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